Abstract: Iron is one of the essential minerals that are required for a variety of molecules to maintain their normal structures and functions and for cells to live, grow, and proliferate. The homeostasis of iron results from a tightly coordinated regulation by different proteins involved in uptake, excretion and intracellular storage/trafficking. Although it is essential, iron can also be toxic once in excess amounts. Through Fenton reaction, iron as a transit mineral can generate various reactive oxygen or nitrogen species; therefore, abnormal metabolism of iron can lead to several chronic pathogenesis. Oxidative stress is one of the major causative factors for diabetes and diabetic complications. Increasing evidence has indicated that iron overload not only increases risks of insulin resistance and diabetes, but also causes cardiovascular diseases in non-diabetic and diabetic subjects. Temporal iron deficiency was found to sensitize insulin action, but chronic iron deficiency with anemia can accelerate the development of cardiovascular diseases in non-diabetic and diabetic patients. In this review, therefore, we will first outline iron homeostasis, function, and toxicity, and then mainly summarize the data regarding the roles of iron deficiency and overload in the pathogenesis of diabetes and diabetic complications, as well as the possible links of iron to diabetes and diabetic complications. In the end, the possible therapy using iron chelators for diabetes and diabetic complications will also be discussed.
INTRODUCTION
Prevalence of diabetes, a disorder of metabolism, is globally increasing. Most of the food we eat is broken down into glucose, which is the main source of fuel for the body. After digestion, glucose passes into the bloodstream, where it is used by cells for growth and energy. For glucose to get into cells, insulin must be present. Insulin is a hormone produced by the pancreas. When we eat, the pancreas automatically produces the right amount of insulin to move glucose from blood into our cells. In people with diabetes, however, the pancreas either produces little or no insulin (Type 1 diabetes), or the cells do not respond appropriately to the insulin that is produced (Type 2 diabetes). Glucose builds up in the blood, overflows into the urine, and passes out of the body in the urine. Thus, the body loses its main source of fuel even though the blood contains large amounts of glucose.
Once we have crossed the reversible stage of pre-diabetes and enter diabetic stage, certain changes start developing in our body. These changes occur due to high blood glucose level with instability in the hormones as well as vessels and nerves. When these changes become permanent in body serious diabetic complications develop and the body indicates these changes by steady symptoms. Therefore, both type 1 and type 2 diabetes have the same long-term complications, including cardiomyopathy, retinopathy, nephropathy, and neuropathy [1, 2] . Several mechanisms for the onset of diabetes and the development of diabetic complications have been proposed, one of which may be the abnormal homeostasis of trace elements such as iron [3] [4] [5] .
Iron is one of the important essential minerals, and its abnormal homeostasis such as deficiency or overload is associated with the pathogenesis of various chronic diseases, including diabetes [3, 6] . Although recent two reviews have discussed the role of iron in diabetes [7, 8] , the focuses in these reviews are the associations of iron overload with the risk of insulin resistance and type 2 diabetes. Therefore, this review will briefly outline iron homeostasis, biological function and toxicity, and then will mainly update the epidemiological studies showing the association of iron deficiency or overload with the impaired glucose tolerance, diabetes and diabetic complications. New insights into understanding the possible mechanisms by which iron deficiency or overload may cause the onset of diabetes and diabetic complications are provided. In the last part, the potential use of iron chelators as well as its combination with other components for the therapy of diabetic patients will be also discussed.
IRON HOMEOSTASIS, BIOLOGICAL FUNCTION AND TOXICITY
Iron is one of the essential minerals that are required for a variety of molecules to maintain their normal structures and functions and for cells to live, grow, and proliferate. Several reviews are available regarding the chemical, physiological and toxicological features of iron [3, 6, 9, 10] ; therefore, we only outline these pieces of information incorporated with the update knowledge regarding its homeostatic regulation, biological function, and toxicity in this section in order to help understanding the contents in other sections.
Iron Homeostatic Regulation
Under most conditions, dietary iron is a critical determinant of body's iron status since once absorbed it is not ac-tively excreted. Iron absorption is influenced by a number of factors, but feedback regulation and bioavailability of ironcontaining foods are the two keys. An overview of iron metabolism is provided in Fig. (1A) . Iron in foods is absorbed as heme and non-heme forms in the proximal small intestine into blood. In the blood, the iron is bound to the plasma protein transferrin (Tf, see the summary of abbreviations in Table 1 ) and distributed to the body's tissues and organs [6, 10] . Quantitatively, most iron is incorporated into erythrocytes for heme synthesis, but all body cells require some iron to meet their metabolic requirements. During adulthood, iron stores gradually increase in men, and start to increase after menopause in woman. Fig. (1B) illustrates the absorption of dietary iron in intestinal cells and exportation of iron into blood. Both heme iron and inorganic iron have their specific absorption pathways [10, 11] . Through the putative intestinal heme iron transporter (HCP1), heme iron is transported into cells and ferrous iron (Fe2+) is liberated within the endosome or lysosome. Transport of non-heme iron from the intestinal lumen into the enterocytes is mediated by the divalent metal ion transporter 1 (DMT1). DMT1 transports only Fe2+, but most dietary iron that enters the duodenum is in the ferric form (Fe3+). Therefore, Fe3+ must be first reduced to Fe2+, possibly by the brush border ferric reductase, duodenal cytochrome b (DCYTB) or by other reducing agents, such as ascorbic acid. Once inside the enterocyte, iron that is not directly transferred to the circulation is stored as ferritin and ultimately is lost when the cell is sloughed at the villus tip. Efflux of iron across the basolateral membrane into the blood is mediated by the transport protein ferroportin 1 (FPT-1). FPT-1 also mediates export of iron for other cells, including macrophages.
Hepcidin is a peptide hormone secreted by the liver that plays a central role in the regulation of iron homeostasis. Hepcidin regulates the entry of iron into blood by directly binding to the FPT-1 on basolateral membranes of enterocytes, the plasma membranes of macrophages and other type cells [12] [13] [14] . The binding of hepcidin leads to the internalization and degradation of FPT-1, thereby blocking cellular iron export, and reducing plasma iron (Fig. 1B) . Hepcidin thus acts as a suppressor of cellular iron release. In iron deficiency (see Table 2 for the definition), hepcidin release from the liver is decreased, thereby increasing iron absorption to the maximum. Iron deficiency also stimulates duodenal expression of DMT1, DCYTB, and FPT-1, and thereby increases iron absorption [6, 10, 11] . In contrast, iron excess (see Table 2 ) stimulates liver to secrete more hepcidin that decreases the export of iron from enterocytes and iron release from reticuloendothelial systems [13, 14] . Fig. (1C) shows the metabolism of iron in the erythrocyte. The TF-bound iron in the blood is distributed to the cell in the tissues or organs via its Tf receptor-1 (TfR-1). The TfTfR1 complexes are internalized into the cell via receptormediated endocytosis. After a reduction in endosomal pH, Tf-bound iron is released and then transported across the endosomal membrane via the DMT1 [14] . After release from Tf and entry into the cytosol, iron becomes a part of the poorly characterized compartment known as intracellular labile iron pool (LIP). The capacity to storing iron in ferritin is essential for life in mammals, but the mechanism by which cytosolic iron is delivered to ferritin is unknown [10, 14] until a recent study [15] . Shi et al. found that human ferritins expressed in yeast contained little iron, but human poly (rC)-binding protein 1 (PCBP1) increased the amount of iron loaded into ferritin when expressed in yeast [15] . PCBP1 was found able to bind to ferritin and iron that facilitated iron loading into ferritin. Depletion of PCBP1 in human cells inhibited ferritin iron loading and increased cytosolic iron pools. Therefore, PCBP1 can function as a cytosolic iron chaperone in the delivery of iron to ferritin [15] .
In addition, an outer mitochondrial membrane protein mitoNEET was recently discovered as an iron-containing protein to play an important role in the control of maximal mitochondrial respiratory rate [16] . Based on the biophysical data and domain fusion analysis, mitoNEET was considered probably to function in Fe-S cluster shuttling and/or in redox reactions [17] . The storage of iron in proteins with Fe-S clusters, such as ferritin and mitoNEET, makes it unavailable for Fenton reaction (see the below), providing a protection for cells against the damaging effects of "free iron". Therefore, whether mitNEET plays a critical role in iron homeo- Fig. (1) . Schematic illustration of iron metabolism. Panel A is to indicate the overview of iron homeostasis. Panel B is to indicate how heme iron and inorganic iron are absorbed into intestinal cell and exported into blood. Panel C is to illustrate how iron bound Tf is taken into cell and used for heme protein synthesis. Tf: transferrin; RBC, red blood cells; HCP, heme iron transporter; DMT1, divalent metal-ion transporter; DCYTB, duodenal cytochrome b; TfR-1, transferrin receptor 1; IRP, iron-regulatory protein; LIP, labile iron pool; PCBP1, poly (rC)-binding protein 1; mitNEET, a recently identified an outer mitochondrial membrane protein that is an iron-containing protein and plays an important role in the control of maximal mitochondrial respiratory rate [86] . Grx5, glutaredoxin 5. In the panel C, IRPs control the expression of erythroid 5-aminolevlinate synthase (eALAS), the first and rate-limiting enzyme in the heme biosynthetic pathway. IRP activity is modulated by the LIP (IRP1 + IRP2) and by Fe-S-cluster biosynthesis. This figure was made based on the published materials [8, 11, 13] . stasis as ferritin and how the LIP iron is incorporated into mitNEET remain to be further investigated (Fig. 1C) .
Biological Functions of Iron
Iron plays a crucial role in oxygen sensing and transport, electron transfer, and catalysis [10, 18] . A significant fraction of cellular iron is associated with proteins in the form of heme, a common prosthetic group composed of protoporphyrin IX and a Fe2+ ion. The insertion of Fe2+ into protoporphyrin IX, catalyzed by ferrochelatase in the mitochondria, defines the terminal step of the heme biosynthetic pathway (Fig. 1C) . Heme is then exported to the cytosol for incorporation into hemoproteins. The most abundant mammalian hemoproteins, hemoglobin and myoglobin (Fig. 2) , serve as oxygen carriers in the erythroid tissue and in the muscle, respectively. Oxygen binding is mediated by the heme moieties. Other hemoproteins include various cytochromes and enzymes, such as oxygenase, peroxidase, nitric oxide (NO) synthase, or guanylate cyclase. The heme moiety may also function in electron transfer reactions (e.g., in cytochromes a, b, and c), as a substrate activator (e.g., in cytochrome oxidase, cytochrome P450, catalase) or as an NO sensor (in guanylate cyclase) [10, 18, 19] .
Heme degradation is catalyzed by the microsomal heme oxygenase 1 (HO-1) and its homologues HO-2 and HO-3 [10, 19] . As shown in Fig. (2) , heme degeneration produces a liberated Fe2+ that can be reutilized, a carbon monoxide (CO) that may be involved in signaling pathways, and a molecule biliverdin that is further enzymatically converted to the bilirubin. Bilirubin, when oxidized, reverts to become biliverdin once again. Therefore, bilirubin has been assumed to play an important antioxidant role against oxidative stress [19, 20] .
Chemical Features and Toxicity of Iron
Iron is chemically active in forming a variety of coordination complexes with organic ligands in a dynamic and flexible mode, and potential to switch between Fe2+ and Fig. (2) . Schematic illustration for the fate of heme. Heme exported into the cytosol is transported to mitochondria for synthesizing hemoproteins, such as the two most abundant heme proteins: hemoglobin and myoglobin. In addition, heme is degraded by canalization of microsomal heme oxygenase 1 (HO-1) or HO-2 to produce a liberated Fe2+, a carbon monoxide (CO), and a molecule biliverdin that is further enzymatically converted to the bilirubin.
Fe3+. The efficiency of Fe2+ as an electron donor and of Fe3+ as an electron acceptor is a fundamental feature for many biochemical reactions and renders iron to an essential mineral and nutrient. However, the ability of iron to cycle between its two stable oxidation states is also potentially to generate reactive oxygen or nitrogen species (ROS or RNS) such as hydroxyl radical (OH ) via Fenton and Haber-Weiss reactions, as indicated in Fig. (3A) [9, 21, 22] . Heme iron may catalyze the formation of radicals, mainly via formation of oxoferryl intermediates (Fig. 3B) . Finally, Fe2+ can also contribute as a reactant, rather than as a catalyst, to free radical generation by a direct interaction with oxygen, via ferryl (Fe2+-O) or perferryl (Fe2+-O 2 ) iron intermediates ( Fig. 3C ) (see reviews [9, 22] ).
ROS and RNS, including superoxide, nitric oxide, peroxynitrite, hydrogen peroxide and hydroxyl radical, are highly reactive and potentially damaging to cells and tissues [9, 22] , although at low concentrations these species may also act as second messengers, gene regulators, and/or mediators of cellular activation [23] . To control and balance the production of ROSs and RNSs, the cell builds up a set of antioxidants and detoxifying enzymes such as superoxide dismutase, catalase, and glutathione peroxidase that can scavenge excessive ROSs or RNSs. An increase in the steady state levels of ROS and/or RNS beyond the antioxidant capacity of the organism, called oxidative (or nitrosative) stress, is encountered in many pathological conditions, such as diabetes and diabetic complications [2, 3, 10, 23] .
IRON DEFICIENCY

Iron Deficiency, Glycated Hemoglobin Levels, and Insulin Resistance
Iron deficiency is the reduction of storage iron, shown by reduced plasma ferritin concentration and decreased bone marrow iron staining ( Table 1) . The major form of glycated hemoglobin in diabetic patients is hemoglobin A1c (HbA1c). In non-diabetic subjects, the HbA1c reaches a steady state with 3.0% to 6.5% of the hemoglobin while the HbA1c fraction is abnormally elevated in patients with chronic hyperglycemia and correlates positively with glycemic control. An early study by Davis et al. demonstrated that iron-deficiency in a 68-year-old female patient with diabetes was associated with a marked rise in HbA1c (from 10.7% to 15.4%), and if the iron-deficiency anemia was corrected, the HbA1c level fell to 11.0% [24] . Tarim et al. [25] also performed a prospective study including 37 patients with type 1 diabetes (11 patients were iron-deficient and the remaining 26 were ironsufficient). Patients with iron deficiency had higher levels of HbA1c than patients without iron deficiency. After iron supplementation for three months, these patients showed a significant decrease in HbA1c levels.
The HbA1c-enhancing effect of iron deficiency was observed not only in diabetic individuals, but also in nondiabetic individuals [25] [26] [27] . For instance, a survey was performed based on 730 university students. Eighty-one stu- Fig. (3) . Illustration of the generation of ROS by iron via Fenton-reaction. Panel A illustrates the generation of the hydroxyl radical by iron via the Fenton reaction; the net Haber-Weiss reaction is also indicated. Panel B illustrates how heme iron catalyzes generation of oxygen radicals via oxoferryl intermediates. Panel C outlines the direct interaction of iron with oxygen. This figure was modified based on a published materials [22] . dents were anemia, of which 47 were iron deficient with an average of HbA1c being 6.2 ± 0.6%. When they were treated with oral iron and followed up for 20 weeks, HbA1c fell significantly to 5.3 ± 0.5 % [26] . Hashimoto et al. [28] recently also demonstrated that the HbA1c , but not serum glycated albumin, is elevated in late pregnancy due to iron deficiency, and correction of iron deficiency resulted in a correction of HbA1c . These studies thus suggest that among non-diabetic or diabetic individuals with similar level of glycemia, iron deficiency anemia is associated with higher concentrations of HbA1c. Iron replacement therapy drops HbA1c in both diabetic and non-diabetic individuals [26, 27] . This implies that the iron states must be considered during the interpretation of HbA1c concentrations in diabetic or non-diabetic patients.
An interpretation is that lipid peroxidation can cause hemoglobin glycation [29] . Human erythrocytes in phosphate buffered saline (pH 7.4) were incubated with 5 or 50 mmol/l glucose. Level of HbA1c was higher in erythrocytes incubated with 50 mmol/l glucose than that in erythrocytes incubated with 5 mmol/l glucose. Selvaraj et al. [29] further showed that the increase in HbA1c levels was blocked significantly when erythrocytes were pretreated with either lipoic acid or taurine, both which markedly reduced the lipid peroxide levels. The level of HbA1c in erythrocytes incubated with glucose along with the presence of lipid peroxides was significantly increased compared to erythrocytes incubated with glucose alone. Sundaram et al. [30] also reported the increase in the plasma lipid peroxides of the patients with iron deficient anemia, and the correction of the increased lipid peroxides in the patients with iron deficient anemia by iron supplementation therapy. In addition, low levels of antioxidant levels stimulate the formation of hemoglobin glycation [31] . For instance, in eighteen patients with nephropathic syndrome, both HbA1c and lipid peroxide levels were significantly increased, along with a significant decrease in glutathione levels compared with fifteen healthy controls. If erythrocytes were depleted of glutathione by pretreatment with 1-chloro-2, 4-dinitrobenezene, these cells become more sensitive to high glucose-induced hemoglobin glycation [31] . Therefore, lipid peroxides play a role in hemoglobin glycation and antioxidants can inhibit the formation of glycated hemoglobin by lowering the levels of lipid peroxides [30, 31] .
In summary, iron deficiency anemia in diabetic and nondiabetic individuals was associated with the increased HbA1c, which can be corrected after iron deficiency was corrected. The association of increased HbA1c with iron deficiency anemia may be due to the increased lipid peroxidation derived from anemia.
Blood Donation, Insulin Sensitivity and Cardiovascular Diseases
It is known that blood donation can cause a transient anemia or iron-deficiency; therefore, whether iron-deficient anemia in the blood donors affects the prevalence of insulin resistance and metabolic syndrome has been questioned [32] . Male blood donators (n = 21) who had donated blood between 6 months and 5 years were carefully matched with non-donators (n = 66) for age, body mass index (BMI), waist-to-hip ratio, and cardiovascular risk profile, including blood lipids, blood pressure, and smoking states. Although these two groups had similar blood hematocrits and blood hemoglobin concentrations, frequent blood donators (2-10 donations) significantly increased insulin sensitivity, decreased insulin secretion, and significantly reduced iron stores (serum ferritin, 101.5 ± 74) than nondonators (162 ± 100 ng/mL; P = 0.017) [32] . Similarly, in type 2 diabetic patients [33] , Fernandez-Real et al. also found that serum ferritin and transferrin saturation index decreased significantly at 4 and 12 months in patients who had blood letting (500 ml of blood for three times at 2-week intervals of each blood letting), along with significant decreases in blood HbA1c levels and insulin resistance as compared with those observed in a matched no-blood-letting group of diabetic patients with high-ferritin. However, the above findings were not supported by all studies. In a study conducted by Jiang et al. [34] , 389 healthy blood donators and 239 non-donators have been questioned for the times of blood donation within the past 30 years. These peoples were divided into never, 1-5, 6-9, 10-19, 20-29, and 30 times blood donations, with an average of serum ferritin concentrations of 187, 186, 187, 160, 93, and 64 ng/mL for the first seven groups, respectively. There was no appreciable association between blood donation times and the risk of type 2 diabetes. Consistent with the above study showing the correlation of frequent blood donation with reduced risks of insulin resistance and type 2 diabetes [32] , an early study found that blood donation decreased cardiac incidence for non-diabetic subjects [35] . In this study, Myers et al. have enrolled patients for age 40 years without clinically apparent vascular diseases (1985) (1986) (1987) [35] . The occurrence of cardiovascular events (myocardial infarction, angina, and stroke), procedures (angioplasty, bypass surgery, claudication, and endarterectomy), nitroglycerin use or death (all cause mortality) was analyzed against levels of blood donation in men and women. It was found that blood donation in men, but not in women, was associated with reduced risk of cardiovascular events. In another retrospective cohort study with a total of 1508 adults who donated more than 1 unit of whole blood each year between 1988 and 1990 (frequent donators) and 1508 age-and sex-matched adults who donated only a single unit in that 3-year period (casual donators) [36] , cardiovascular events were found to be 6.3% in frequent donators and 10.5% in casual donators, suggesting that frequent and longterm whole blood donation is associated with a lower risk of cardiovascular events. Furthermore, frequent blood donations were also found to decrease the body iron stores and oxidative stress, and enhance vascular function as compared to the less frequent donators [37] .
However, there were also a few studies with different results [38] [39] [40] . Zacharski et al. have tested whether reducing body iron stores through phlebotomy would influence clinical outcomes in a cohort of patients with symptomatic peripheral arterial disease (PAD). They recruited 641 PAD patients as control group and 638 PAD patients as bloodletting group who have donated defined volumes of blood at 6-month intervals (avoiding iron deficiency). No significant difference between groups for the all-cause mortality or death plus nonfatal myocardial infarction and stroke was found [38] . Zheng et al. [39] have conducted a prospective cross-sectional study in twenty-one high-frequency blood donators (donations 8 times in last 2 years) and twenty-one low-frequency blood donators (1-2 donations in the last 2 years) aged 50-75 years. Serum ferritin was significantly decreased (23 vs. 36 ng/ml, P < 0.05) in high-frequency blood donation compared with low-frequency donation, but did not improve insulin sensitivity or protect the vascular endothelium from the adverse effects of acute hyperglycemia after oral glucose loading. Engberink et al. collected data on blood donation history and intima-media thickness of the common carotid artery in 819 subjects (50-70 years) from the blood bank registries in The Netherlands. Serum ferritin was lower in current donators (n=443; 44 ng/mL) than in exdonators (n=120; 114 ng/mL) and never-donators (n=256; 124 ng/mL). They found that the intima-media thickness of the common carotid artery was only slightly reduced in frequent donators (i.e., 49 times during life or 2 times per year), but it was not statistically significant. They concluded that frequent blood donation, resulting in lowered body iron, might give some protection against accelerated atherosclerosis [40] .
These discrepancies for the outcomes among the above studies may be due to the following reasons: (a) Different fractions of populations selected from healthy and unhealthy groups may have different responses to frequent blood donations [32] ; (b) In the study of Zacharski et al. [38] the blood donators were selected from those without lowering ferritin although they have had blood donations; (c) The ferritin levels in the control group may be important. Although this endpoint was not available from the early studies conducted by Meyers et al. [36] , the two studies from Zheng et al. [39] can indicate the importance of ferritin levels in the control group. For instance, in the latest study by Zheng et al. [39] that showed no correlation of blood donations with the risk of cardiovascular events, ferritin levels in frequent and unfrequent blood donation groups were only 23 and 36 ng/ml, respectively, which was not a remarkably different between two groups even though it was statistical difference (P < 0.05). In contrast, in another study that showed a positive correlation of blood donation with the risk of cardiovascular events [37] , the difference for the serum ferritin between high-frequency blood donators (17 ng/mL) and lowfrequency blood donators (52 ng/mL; P<0.001) was remarkable; (d) The case number is also a factor to be considered. There were only 21 cases in high-frequent blood donators and 21 low-frequent blood donators in the study with no correlation [39] while there were 40 and 42 cases in these two groups, respectively in the study with correlation [37] . Accordingly, systemic studies with uniformed measurements remain to clarify the risks or benefits of frequent blood donations for cardiovascular diseases. Therefore, although a few studies indicated the improvement of insulin sensitivity by blood donating, it would not be encouraged in the clinics. In addition, the safety of the repeated and frequent blood donations is also a concern [41, 42] . What is the importance of the occasional improvement of insulin resistance and cardiovascular events by blood letting found in certain studies for our practice has to be further investigated.
Cautions for the Diabetic Patients in Terms of Blood Donation
Anemia is a frequent complication of diabetic patients mainly due to the decreased renal function [43, 44] . Anemia with iron deficiency will also increase the lipid peroxidation and HbA1c levels, suggesting the increase in oxidative stress, as discussed above. We know that diabetic complications (retinopathy, neuropathy, heart disease, peripheral arterial disease) are almost, if not all, related to the oxidative stress and damage [1, 2] and may be also related to the ischemic damage if the diabetic patients with high blood pressure and atherosclerosis [1] ; therefore, if diabetic patients are suffering from anemia, the risk of these late-stage complications will be significantly increased [45] [46] [47] .
It has been reported that chronic anemia with a severe iron deficiency due to long-term bloodletting increased cardiomyopathy [48] . Correcting anemia with and without iron deficiency seems to slow, in certain extents, the progression of microvascular and macrovascular complications, including postural hypotension from autonomic neuropathy, retinopathy, and loss of renal function from diabetic nephropathy [49] [50] [51] . Therefore, regardless whether blood donation in healthy donators is associated with a decrease in blood iron stores along with increase in insulin sensitivity, it may not be suitable for diabetic patients, and remains to be defined in diabetic populations.
IRON OVERLOAD
Iron Overload and Insulin Resistance or Type 2 Diabetes
Iron overload means an increase of storage iron, regardless of the presence or absence of tissue damage. It involves primarily hepatocytes in case of digestive hyperabsorption (hemochromatosis and dyserythropoiesis) and macrophages in case of transfusional excess ( Table 1) . Fernandez-Real et al. have performed a relative early study in 36 healthy subjects to indicate a significant correlation of serum ferritin with insulin resistance [52] . This correlation was confirmed by subsequently epidemiological studies, i.e.: increased heme iron (derived from animal products) was significantly associated with an increased risk of insulin resistance and type 2 diabetes among a variety of populations, including Asians, Americans and Europeans [53] [54] [55] [56] [57] [58] [59] [60] [61] . This association between iron overload and insulin resistance or type 2 diabetes as well as controversial reports was discussed in detail in a recent review [8] . Therefore, we just outline several features regarding this association in this section.
Forouhi et al. demonstrated that serum ferritin is an important and independent predictor of the development of diabetes [59] . The baseline serum ferritin in 360 type 2 diabetic patients was significantly higher than that in 758 control participants after adjustment for other known risk factors (age, body mass index, sex, family history, physical activity, smoking habit) and dietary factors [59] .
It is known that increased serum ferritin is frequently observed in nonalcoholic fatty liver disease (NAFLD) that is often accompanied with hepatic insulin resistance. Valenti et al. recently demonstrated that iron depletion by phlebotomy in 64 NAFLD patients significantly decreased insulin resistance as compared to 64 non-phlebotomy NAFLD patients who were matched for age, sex, ferritin, obesity, and alanine aminotransferase levels and underwent lifestyle modifications [62] . Based on this study, iron depletion seemed to improve insulin resistance more effectively than lifestyle changes alone.
Dietary consumption of red meat has been considered to increase heme iron intake, therefore whether risks of insulin resistance and type 2 diabetes are associated with dietary consumption of various types of meat had been extensively investigated (see the review [8] ). Schulze et al. found that diets containing high processed meat were related to increase risk of type 2 diabetes after eliminating the impact of dietary fatty acids and cholesterol on this effect [63] . In their study, however, serum iron level was not available. In contrast, vegetarians who had lower body iron stores, as indicated by a serum ferritin concentration compared with meat-eaters, were more insulin sensitive than meat eaters [54] . Since dietary cholesterol was not directly measured in this study, it was unclear whether dietary cholesterol may be involved in the development of insulin resistance or type 2 diabetes. In the same study [54] , however, 6 male meat-eaters were phlebotomized to reduce body iron stores to a level similar to that of vegetarians. After this intervention serum ferritin concentration in the 6 meat-eaters significantly fell from a mean of 85.3 mg/l before phlebotomy to a mean of 27 mg/l after phlebotomy. The effect of iron lowering on insulin resistance was significantly evident, showing a significant enhancement of insulin-stimulated glucose disposal after iron depletion [54] .
The above study [54] seems to indicate the importance of serum iron derived from dietary meat in the development of insulin resistance. However, there was another study showing a contrast finding. Jiang et al. have further subdivided heme-iron intake to two groups based on red meat and sources other than red meat, and then examined each source to the risk of diabetes [34] . They found that diabetes risk increased with increasing heme-iron intakes from red meat, but not with increasing heme-iron intakes from the groups with sources other than red meat, such as chicken and fish. These contradictory results suggest that heme iron may not be a causative factor for metabolic syndrome or type 2 diabetes, rather than be one of several metabolic syndrome-related influencing factors. This concept was supported by the following facts.
There was a significant difference between man and woman, and between different racial populations for the association of heme iron levels with the insulin sensitivity or risk of type 2 diabetes [64] [65] [66] . Acton et al. found that the mean serum ferritin concentration was significantly greater in women with diabetes in all racial/ethnic groups and in Native-American men with diabetes than in those without diabetes [65] . One previous study [64] observed that a relationship between serum ferritin levels and insulin resistance exists in woman but not in men, which is consistent with another study conducted in Jiangsu Province [66] that serum ferritin was also significantly associated with the risk of diabetes in Chinese women, but not significantly in men. In contrast to the above two studies, a recent study for the population of North China indicated that associations among higher serum ferritin level, higher heme iron intake, and elevated risk of diabetes were found without gender difference [67] .
Even in Chinese women, body mass index also affects the risk of meat consumption for type 2 diabetes [68] . High consumption of total unprocessed meat was related to a modest reduction in the risk of type 2 diabetes among normal weight women, but was associated with a modest increase in risk of type 2 diabetes among obese women. Furthermore, poultry consumption was not associated with a high risk of type 2 diabetes among obese participants. Processed meat consumption was associated with an increased risk of developing type 2 diabetes, particularly for obese participants, suggesting the important contribution of components of processing to the risk of diabetes [68] .
In summary, these studies imply that heme-iron levels derived from different diets, including red meat, was positively associated with the increased risk of insulin resistance and diabetes under most conditions; however, whether it is a direct cause remains a concern since the correlation of increased heme iron with insulin resistance or diabetes did not exist under certain other conditions. For instance, ironoverload significantly increases the risk of insulin resistance or type 2 diabetes in Asian women (but not Asian men), and also in certain racial men like Native-American men with diabetes, probably because certain unrecognized confounding factors exist in these populations.
Iron Overload and Type 1 or Gestational Diabetes
Pancreatic toxicity of iron overload that leads to diabetes has been indicated in hereditary hemochromatosis (HH) (see review [69] ). HH is a highly prevalent iron overload disorder that is, unless recognized and treated, fatal, and as the disease progresses, patients develop iron-induced tissue damage, resulting in serious illnesses such as diabetes. The discovery in 1996 that mutations in a gene coding for a novel protein (HFE) were responsible for the majority of cases of HH has made a great advance for us to understand the etiology of HH, and also possible to early diagnose it at a much earlier stage than previously. As a result, the earlier diagnosis of HH has significantly decreased the prevalence of diabetes in HH patients since it is possible for us to commence phlebotomy prior to the development of complications of iron overload such as diabetes [70] .
The nature of the development of diabetes in HH is complex. Generally two mechanisms may contribute to the development of hyperglycemia and diabetes in hemochromatotic patients; liver iron overload, leading to insulin resistance, and pancreatic -cell iron accumulation, resulting in cell damage and diminished insulin secretion (see review: [69] ). Recent studies from thalassemic patients [71] and experimental animal models [72, 73] support that -cell iron deposits-induced decrease in insulin secretion capacity may play an important trigger for diabetes in hemochromatotic patients.
In order to investigate the influence of dietary heme iron intake on the gestational diabetes, Zhang et al. have carried out a study with a large population, including 13,110 women who were free of cardiovascular disease, cancer, type 2 diabetes and history of gestational diabetes [74] . Subjects were taken for a validated semi-quantitative food frequency questionnaire in 1991, and followed up until 1998 in the Nurses' Health Study II. Total 758 incident cases of gestational diabetes were recorded [74] . Two major dietary patterns (i.e. "prudent" and "Western") were identified through factor analysis. The prudent pattern was characterized by a high intake of fruit, green leafy vegetables, poultry and fish, whereas the Western pattern was characterized by high intake of red meat, processed meat, refined grain products, sweets, French fries and pizza. They found that intakes of red meat and processed meat were both significantly associated with a higher risk of gestational diabetes even after adjusting other possible confounding factors [74] . This is supported by other studies [75, 76] . These findings are very interesting since the likelihood of gestational diabetes is significantly reduced with maternal iron deficiency anemia, which probably acts also as a surrogate for general nutritional deficiency [77] . Based on these two studies, overall nutritional improvement and correction of anemia might be the contributing factors to the increasing prevalence of diabetes and gestational diabetes in the developing world [78, 79] . Apparently, further studies on this issue are warranted, especially in developing countries.
Iron Overload and Diabetic Complications
Increasing evidence indicates that iron overload played a pathologic role in diabetic complications since iron overload is able to damage vascular and heart in non-diabetic subjects (see the review [6] ). It has been recognized that diabetic patients have the most compensative mechanisms impaired by hyperglycemia or hyperlipidemia, which make the organs or tissues more susceptible to oxidative stress [1, 2, 80] . Therefore, the complications, mainly including microvascular and macrovascular disorders (neuropathy, retinopathy, nephropathy, cardiomyopathy) and vascular dysfunction (hypertension and arteriosclerosis), may be enhanced in the diabetic patients with increased serum and organ iron.
Fernandez-Real et al. [33] recruited a total of 28 type 2 diabetic male patients with serum ferritin levels >200 ng/ml and randomized them to iron depletion by blood letting (three times of 500 ml blood at 2-week intervals) or to control. Vascular reactivity (high-resolution external ultrasound) was evaluated at baseline and at 4 and 12 months thereafter. The two groups of patients were matched for age, body mass index, pharmacological treatment, and chronic diabetic complications. They found that iron depletion improved vascular dysfunction in type 2 diabetic patients with high ferritin concentrations, suggesting the contributing role of increased serum iron in ferritin form to diabetic vascular complications. Gross et al. [81] and de Mello et al. [82] have assessed the effects of replacing red meat in the usual diet with chicken or vegetarian low-protein diet on renal function of type 2 diabetes patients. They found that in macroalbuminuric type 2 diabetic patients, withdrawing red meat from the diet improved the renal function, shown by reducing the urinary albumin excretion rate. The above three studies indirectly indicated that reduction of serum ferritin levels by blood letting or reduction of red meat intake all have beneficial outcomes for delaying or preventing the cardiovascular complications in diabetic patients.
Recently, Qi et al. further provided evidence to support the correlation of iron overload to the risk of chronic cardiac diseases in the diabetic patients [83] . In this study, they prospectively assessed the associations of long-term intakes of dietary iron and red meat with the risk of chronic heart diseases among 6,161 women who reported a diagnosis of type 2 diabetes. They found that from 1980 through 2000 there were 550 incident cases of chronic heart diseases. After adjustment for age and body mass index, high intakes of both heme iron and red meat were significantly associated with the increased risk of fatal chronic heart diseases, coronary revascularization, and total chronic heart diseases. Furthermore, the positive association between heme iron and red meat intakes and chronic heart diseases was found to be more evident among postmenopausal women compared with premenopausal women [83] .
These studies seem to support the notion that increase in serum iron levels is associated with an increase of cardiovascular complications in diabetic patients; however, further studies to confirm these findings remain required since there are several limitations in these studies: (a) small case number (28 patients) in the study by Fernandez-Real et al. [33] ; (b) no direct measurement of serum iron or ferritin levels after the red meat was removed so that the prevention could not be directly related to reduction of serum iron levels [82, 84] .
SEVERAL HINTS FOR THE INVOLVEMENT OF IRON IN THE PATHOGENESIS OF DIABETES AND DIABETIC COMPLICATIONS
As aforementioned that iron is a transitional metal and a strong pro-oxidant, it can catalyses several cellular reactions that result in the production of ROS and/or RNS, leading to oxidative stress [9, 21, 22] . The oxidative stress can cause pancreatitis and -cell death that results in type 1 diabetes and the chronic oxidative stress in the liver, muscle and adipose tissue causes inflammatory response and insulin resistance in these tissues (see reviews [55, 69] ). In addition, Rajpathak et al. [8] has briefly summarized the potential mechanisms for link of iron with type 2 diabetes. Therefore, this review will mainly discuss a few specific possibilities for iron to be linked to diabetes and diabetic complications in addition to oxidative stress derived from iron's Fenton reaction.
mitoNEF4
Mitochondrial dysfunction is associated with insulin resistance and the development of type 2 diabetes [85] , and diabetic complications [23] . Pharmacological agents extensively used to treat insulin resistance such as the thiazolidinedione (TZD) pioglitazone are known to enhance oxidative capacity and normalize lipid metabolism. Although TZDs are conventionally thought to operate through binding to peroxisome proliferator-activated receptors (PPAR), a recent study by Colca and colleagues discovered mitoNEET as a binding target of pioglitazone [86] . As shown in Fig. (1C) , mitoNEET as an integral protein of the outer mitochondrial membrane is an iron-containing protein to play an important role in the control of maximal mitochondrial respiratory rate [87] . In fact, mitoNEET contained a redox-active pH-labile Fe-S cluster and lost 2Fe and 2S upon cofactor extrusion; therefore, mitoNEET probably functions as a Fe-S cluster shuttling in redox reactions [17] .
In the inflammation-induced Parkinson's disease model, where microglia activation leads to oxidative stress, mitochondrial dysfunction, and dopaminergic neurodegeneration, pioglitazone prevented dopaminergic neurons through the protection of mitochondrial damage [88] . Deficiency of mitoNEET protein in mice results in a compromise in the respiratory capacity of heart mitochondria [17] . Therefore, whether iron dyshomeostasis affects mitoNEET function remains unclear, but if so, it may result in mitochondrial dysfunction to cause metabolic syndrome and cardiovascular diseases in diabetic patients.
Advanced Glycated Endproducts
Hyperglycemia modifies the amino groups of proteins by a process of non-enzymatic glycation to form advanced glycated endproducts (AGEs), leading to potentially deleterious effects on the protein structures and functions. Since AGEs play an important role in the pathogenesis of diabetic cardiovascular complications [1, 3, 9, 23, 89] , iron overload may contribute to diabetic complications by accelerating AGE generation via Fenton reaction to form ROSs and RNSs [1, 3, 9, 23] .
Cussimanio et al. [90] found that hemoglobin and myoglobin are extremely susceptible to damage by high levels of glucose in vitro through a process that leads to complete destruction of the essential heme group. In addition to the expected formation of AGEs on lysine and other side-chains, this process also induces a release of the iron from these two proteins during the non-enzymatic glycation process [90] [91] [92] . Therefore, diabetic hyperglycemia glycates iron-binding proteins that release more iron into circulation, while free iron will further accelerate AGE process via Fenton reaction. This circle reaction will promote oxidative stress and damage, leading to the development of diabetic complications.
Several studies have shown the increase in iron levels in the heart or the kidney of diabetic patients and animals. We have investigated the iron content in the diabetic kidney [93] . Male Sprague Dawley rats were treated with streptozotocin (STZ) for induction of the hyperglycemia, and 6 month after diabetes, renal iron contents were significantly increased as compared to control kidney. Study by Singh et al. [94] also showed the increase in cardiac iron in diabetic rats. Six to 8 weeks after Wister rats were induced to be hyperglycemic with STZ, iron levels was significantly increased in the right ventricle of the diabetic heart compared to control. This increased organ iron levels will stimulate AGE formation; therefore, the organ iron overload is most likely a cause for the development of complications.
Iron Enhancement of the Pathological Effects of Angiotensin II
Angiotensin II (Ang II), acting via its AT 1 and AT 2 receptor-mediated NADPH oxidase activation, has been shown to be involved in a wide range of pathogenic processes in the heart, including the induction of apoptosis and fibrosis under diabetic conditions [1, 2, 89, 95, 96] . The pathogenic effect of Ang II on the hearts and kidneys was also found to be closely associated with the increased iron or up-regulation of iron metabolism-related genes [97] [98] [99] [100] [101] .
Ishizaka [97, 98, 100, 101] gave rats infusion of Ang II for continuously 7 days, which significantly increased the depositions of iron in the proximal tubular epithelial cells and in the hearts of these rats. Treatment of Ang II-infused rats with an iron chelator, deferoxamine (DFO), blocked the abnormal iron deposition both in the kidneys and the heart, resulting in a significant suppression of Ang II-induced increase renal and cardiac fibrosis and renal dysfunction. These results suggest that Ang II causes renal and cardiac injury, in part, by inducing the deposition of iron in the organs. Iron chelation and free radical scavenger can prevent Ang II-induced renal and cardiac pathogenesis, by suppression of oxidative damage caused by deposited iron in these organs.
A more recent study from Ishizaka et al. [97] has revealed the effect of Ang II on the localization and expression of TfR, DMT1, FPN-1, and hepcidin mRNA in the rat kidney. Weak expression of TfR, DMT1, FPN-1, and hepcidin mRNA was observed in the kidneys of control rats. In contrast, after 7 days of Ang II infusion the expression of these mRNAs was more widely distributed. Staining of serial sections revealed that some, but not all, of the renal tubular cells positive for these genes in the kidney of Ang II-infused animals contained deposited iron. Real-time polymerase chain reaction showed that the mRNA expression of TfR, DMT1, FPN, and hepcidin increased about 1.9-fold, 1.7-fold, 2.3-fold, and 4.7-fold, respectively, after Ang II infusion as compared to that of controls, and that these increases could be suppressed by the concomitant administration of Ang II receptor antagonist losartan. These results implicated that Ang II can regulate iron metabolism-related gene expression and the up-regulated iron-metabolism related genes may accelerate the iron deposition in the kidney and cause oxidative damage. Therefore, iron overload should be considered as causative factor for diabetic complications.
HO-1
HO is an enzyme that catalyzes the degradation of heme, as shown in Fig. (2) . This produces biliverdin, iron, and CO [19] . There are three known HO isoforms: HO-1 is an inducible isoform in response to stress such as oxidative stress, hypoxia, heavy metals, and cytokines; HO-2 is a constitutive isoform which is expressed under homeostatic conditions. Both HO-1 and HO-2 are ubiquitously expressed and catalytically active; HO-3 is not catalytically active, but is thought to work in oxygen sensing.
In diabetes, the interaction of AGEs with their AGE receptor leads to oxidative stress and induction of the HO-1 [102] [103] [104] . Given that CO is a product of HO activity, an early study [105] has tried to measure the elevation of exhaled CO levels as evaluation of diabetic HO up-regulation. Diabetes increases tissue levels of HO-1 as an antioxidant (see Fig. 2 , via direct production of bilirubin) at the early stage in animal models and also in patients [102] [103] [104] , but significantly decreased its expression at the late stage as a dyscompensative effect [106, 107] . Considering that HO-1 is assumed to prevent abnormal intracellular iron accumulation by degradation of heme ( Fig. 1 & 2) and diabetic upregulation of Ang II leads to iron deposition to tissues as discussed above, up-expression of HO-1 at the early stage of diabetes may be a mechanism to meliorate iron-induced renal toxicity.
With genetic or pharmacological approaches, it has been clearly indicated that lowing or increasing HO-1 significantly enhanced or prevented diabetes and diabetic complications [108] [109] [110] [111] [112] . Therefore, HO-1 not only determines iron homeostasis, but also plays an important role in preventing diabetes and diabetic complications. Although at the early stage of diabetes, overexpression of HO-1 in the tissues as a compensative mechanism can efficiently remove the deposit iron and protect from oxidative damage, but diabetes at the late stage often impairs tissue defense systems, including HO-1 expression which will lead to iron deposition and induce oxidative damage. To support the above notion, diabetes was found not only to impair HO-1 expression and activity, but also to reduce antioxidant capacity [113] [114] [115] , which will increase the susceptibility of the tissues in diabetic subjects to oxidative damage caused by diabetes, and even to impair iron-binding capacity by glycation [80] .
It should be mentioned, in addition to antioxidant action of HO-1, a few studies also found the pro-oxidant role of HO-1 in certain conditions, including diabetes. Farhangkhoee et al. treated STZ-induced diabetic rats with a potent inhibitor of HO system, SnPPIX, at the onset of diabetes. In no-treated diabetic rats, no significant alterations of the HO system following 1 week of diabetes. However, 1 month of diabetes caused increased oxidative stress as demonstrated by higher levels of 8-OHdG-positive cardiomyocytes, in association with increased HO isozyme mRNA and protein expression, and augmented HO activity as well as increased number of cardiomyocytes with stainable iron. SnPPIX treatment resulted in reduced number of 8-OHdG-positive cardiomyocytes in parallel with reduced HO activity. This study demonstrated that diabetes-induced oxidative stress in the heart is, in part, due to up-regulated HO expression and activity. These results also provide evidence of pro-oxidant activity of HO in the diabetic hearts, which could be mediated by increased redox-active iron [116] . In a following study from the same group, they further demonstrated that high levels of glucose can stimulate up-regulation of HO mRNA and activity in the endothelial cells. The increased HO activity was found to associate with oxidative DNA damage [117] . Therefore, the above two studies suggest that HO by itself and via elaboration of other vasoactive factors may cause cardiac and endothelial injury and functional alteration. In line with this notion, a recent study showed that overexpression of HO-1 exacerbated early brain injury after intracerebral haemorrhage [118] . Therefore, to understand these features of HO is very important in the context of chronic diabetic complications.
An Interaction Between Iron and Retinol-Binding Protein
Retinol-binding protein (RBP) is an important, specific transport protein for retinol (vitamin A) in the circulation, and has been considered as secreted only from hepatocytes and only functioning as delivering retinol to tissues [119] . Emerging evidence has indicated that RBP4 can be produced by adipocytes as a new adipokine, and also be elevated in insulin-resistant mice and humans with obesity and type 2 diabetes [120] . Transgenic overexpression of human RBP4 or injection of recombinant RBP4 in normal mice causes insulin resistance [120] . In subsequent human studies, this association was supported by the finding that RBP4 levels and the level of insulin resistance were positively correlated in people with obesity and impaired glucose tolerance, and in patients with type 2 diabetes [121] [122] [123] . Therefore, plasma RBP4 concentration has been considered as a possible biomarker of nephropathy and cardiovascular diseases in type 2 diabetic subjects [124] .
The mechanisms by which RBP4 affects insulin sensitivity and diabetic complications are largely unknown. Because vitamin A is required for effective utilization of iron and maintenance of normal hemoglobin concentration [125, 126] , Fernández-Real et al. [127] hypothesized that iron-associated insulin resistance may be associated with the impaired insulin action caused by RBP4. To define this notion, serum ferritin and RBP4 concentrations and insulin resistance were evaluated in 132 healthy middle-aged men, in a replication independent study (20 healthy men and 13 healthy women), and also in 13 patients with type 2 diabetes before and after iron depletion. They found a positive correlation between circulating RBP4 and serum ferritin in both independent studies. Serum RBP4 concentration was higher in men than women in parallel to increased ferritin levels. On multiple regression analyses to predict serum RBP4, serum ferritin contributed significantly to RBP4 variance after controlling for body mass index and age. Serum RBP4 concentration significantly decreased after iron depletion in type 2 diabetic patients. They further evaluated the effect of iron on RBP4 release in vitro in adipose tissue, in which the iron donor lactoferrin led to increased dose-dependent adipose tissue release of RBP4 and increased RBP4 expression, while iron chelators apotransferrin and DFO led to decreased RBP4 release. Therefore, these observations suggest that iron could play a role in the correlation of RBP4 with insulin resistance. The mechanisms by which iron depletion leads to improved insulin sensitivity may include both decrease of iron oxidative stress and decrease of RBP4 levels in the body system.
POSSIBLE THERAPY FOR DIABETES AND DIA-BETIC COMPLICATIONS USING IRON CHELA-TORS
Excess iron appears associated with insulin resistance and type 2 diabetes as well as increased risk of diabetic complications. Whether reducing serum iron by chelation can prevent or delay the development of diabetes and its complications has been questioned [3] . A few early studies showed contradictory outcomes. A study to use DFO for type 2 diabetic patients disclosed a well correlation of lowering the elevated serum ferritin levels with improvement of fasting glucose, triglyceride, and HbA1c levels (see review [3] ). However, other two studies, in which five and nine type 2 diabetic patients with an elevated serum ferritin, respectively, were treated with DFO, did not show the improvement of glucose control although DFO treatment led to nor-mal or near-normal serum ferritin values in the most patients (see review [3] ). Analyzing these three early studies, Wilson et al. found that all these studies were short-term, from 5 to 13 weeks, and levels of serum ferritin were reduced at best to the high normal range, with most remaining above 250 ng/mL [3] . Thus, all the above therapeutic trials might be inadequate. For diabetic complications, Hattori et al. found that myocardial blood flow response to sympathetic stimulation is significantly impaired in long-term type 1 diabetic patients, and single infusion of DFO could significantly, but partially, revise the impairment of myocardial blood flow in these patients [128, 129] . However, effect of long-term use of DFO on diabetic complications remains not available.
Several animal studies supported the beneficial effects of iron chelators on the onset of diabetes and diabetic complications. Treatment of diabetic animals with DFO restored the lipid peroxide levels to its control value [130] , decreased the incidence and severity of STZ-induced or spontaneously developed type 1 diabetes [131] , and reduced the risk of developing many diabetic complications [132] [133] [134] . These beneficial effects of DFO might be related to its antioxidant action [135] and inhibitory capacity of AGE generation [130, 133] . A recent study [5] demonstrated that iron depletion by DFO up-regulated glucose uptake and insulin signaling in hepatoma cells and in rat liver. Up-regulation of insulin receptor by DFO was mimicked by the intracellular iron chelator deferasirox. Iron depletion increased insulin receptor activity, whereas iron supplementation had the opposite effect. DFO consistently increased insulin signaling key components to enhance glucose utilization. Iron depletion of Sprague-Dawley improved glucose clearance, and was associated with up-regulation of insulin receptor and downstream signaling action. In rats with fatty liver because of a highcalorie and high-fat diet, glucose clearance was increased by iron depletion and decreased by iron supplementation. Therefore, iron depletion by DFO up-regulates glucose uptake, and increases insulin receptor activity and signaling in hepatocytes in vitro and in vivo [5] .
Although DFO had been extensively used in the above clinical and experimental studies, its unsatisfactory and toxic effects were gradually recognized [136] . Several other orally effective chelators thus have been developed to reduce toxic effects [136] [137] [138] [139] . Among the new chelators, deferiprone (L1) was accepted to use alone or with others for the therapy of various chronic diseases such as thalassemia with less side-toxic effects [138, 139] .
There is high prevalence of insulin resistance and diabetes in iron loaded thalassemic patients. The combined use of DFO and L1 (DFO/L1) for 24-36 months resulted in an improvement of diabetes and impaired glucose tolerance in some patients [140] . More convincing evidence was available from a few recent studies [141] [142] [143] , to confirm that DFO/L1 provided a greater efficacy in removing cardiac and hepatic iron accumulation than either chelator alone, along with a reversal of cardiac and hepatic dysfunction in patients with -thalassemia major. The DFO/L1 therapy also markedly decreased ferritin levels and significantly improved the glucose responses at all times during an oral glucose tolerance test [141] [142] [143] .
It should be clarified that although the application of L1/DFO showed beneficial effect for thalassemic patients under certain conditions, whether these iron chelators can also be used for diabetic patients without -thalassemia major to prevent or delay the developments of cardiovascular diseases remain unclear. In addition, for diabetic patients the following precautions should also be taken. First, as aforementioned, iron deficiency with anemia, though might enhance insulin sensitivity, is most likely to enhance the risk of cardiovascular diseases [44, 49, 50, 144, 145] ; therefore, for the diabetic patients, application of iron chelators may be considered only when the patients show significant elevation of iron overload. Second, it should be mentioned that even though L1 seems relatively safe, disturbance of zinc homeostasis (zinc deficiency) [146] and agranulocytosis as well as arthropathy in children [147] have been documented by chronic iron chelation with L1. It is well-known that zinc deficiency often occurs in diabetic patients [148] and increases the risk for diabetic complications [149] . Zinc is able to inhibit iron bioavailability [150] , and supplementation of zinc to diabetic patients has been explored for its potential prevention of diabetic complications [23, 148, 151] . Therefore, the nutritional measurement of zinc levels may be taken Fig. (4) . Illustration of the relationships of iron deficiency or overload with diabetes, insulin resistance and diabetic complications. before determining whether iron chelation is applied. In addition, iron chelation with iron chelators in preventing diabetes and diabetic complications may also be considered to use together with zinc or other antioxidants.
SUMMARY
Iron is a very important essential mineral for the cells in the body. Either deficiency or overload will contribute certain pathogenic outcomes. As summarized in Fig. (4) , temporal mild iron deficiency seems to prevent the development of insulin resistance in normal population and to sensitive insulin response in the type 2 diabetes, but on the other hand, chronic iron deficiency with anemia enhances the risk of diabetic complications. Iron overload increases the prevalence of insulin resistance and even type 2 diabetes, and also increases the risk of cardiovascular disease in diabetic patients (Fig. 4) . Although confounding pathogenic factors such as cholesterol may exist, iron overload by dietary intake of red meat is likely to increase cardiovascular complications of diabetic patients. All these clinical observation strongly suggest the roles of iron in the pathogenesis of diabetes and diabetic complications. Studies using animal models have indicated that iron-derived ROS and RNS may be the major mediators for iron overload to cause insulin resistance, diabetes and diabetic cardiovascular complications. Several potential mechanisms for the link of iron to diabetes and diabetic complications remains to be further defined.
Although more systemic clinic observation remains needed for clarifying the outcomes of various iron chelators for diabetes and its complications, it is clear at least that dietary control to reduce iron intake, particular heme iron (animal products), will be beneficial for the prevention of insulin resistance, type 2 diabetes and diabetic complications.
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